AND CONCLUSIONS I. Neurons with proprioceptive or cutaneous receptive fields associated with the hand were identified in the ventral bank of the cingulate sulcus in the monkey. Cells with proprioceptive fields outnumbered cells receiving cutaneous afferents by more than three to one. No cells were encountered that received convergent proprioceptive and cutaneous input. The high concentration of these neurons in the lateral depth of the cingulate sulcus establishes that a distinct hand representation exists within the rostra1 part of area 23~.
INTRODUCTION
In the primate, the intrinsic muscles of the hand are largely controlled by the corticospinal tract, and the ability to make relatively independent finger movements is thought to be facilitated by direct corticomotoneuronal connections (Lawrence and Kuypers 1968; Lemon 1993; Phillips 1985) . However, corticospinal projections are now recognized to originate not only from the primary motor cortex but also from a number of other cortical areas. Recently, Hutchins et al. (I 1988) and Dum and Strick ( 199 la, b) have described three regions in the monkey cingulate sulcus that project to cervical spinal segments and also send axons to the arm area of the primary motor cortex. These include an anterior cervical projection region in area 24c and two posterior cervical projection regions in areas 23~ and 6c.
Although it appears reasonable to assume from the cingulate projections to the cervical spinal cord that these areas may contribute to the motor control of the upper limb, only a few studies have actually attempted to examine that role. Luppino et al. ( 199 1) found a region in the ventral bank of the cingulate sulcus, where simple distal movements could be evoked by intracortical microstimulation. In a key-pressing task, Shima et al. ( 199 1) identified two widely separated clusters of cells related to finger movements in the cingulate cortex; an anterior group that showed modulated activity several hundred milliseconds in advance of self-paced movements and a posterior group that showed activity changes in much closer temporal association to movement onset. The activity changes in the posterior group occurred regardless of whether the triggering stimulus was visual, auditory, or somesthetic.
The present study was intended to further characterize this posterior group of neurons in the cingulate cortex. Inputoutput properties of neurons were carefully examined, and the modulation of the neuronal activity was measured in relation to grasping and lifting movements.
METHODS
One male Macaca fascicularis monkey weighing 4.2 kg was used in this experiment. This monkey was also used for singleunit recordings in the supplementary motor area (SMA), but only data recorded from the cingulate cortex are reported here.
Behavioral procedures
The task was the same as that used in the earlier studies (Espinoza and Smith 1990), although the apparatus was slightly different. Briefly, the monkey was trained to grasp and lift the armature of a linear motor between the thumb and forefinger. The linear motor generated a downward force of 1.0 N to simulate an object weight of -100 g. The task requirement was to correctly position the armature within a vertical position window of 12-25 mm signaled by a 1-kHz tone and to hold it stationary for 1 s. Correct responses were rewarded with apple juice. On separate blocks of trials, a 1.5-N, 50-ms force-pulse perturbation was applied to the object during the stationary holding phase to produce an additional downward shear force on the fingers. When present, this perturbation was invariably delivered 750 ms after the object entered the position window. Blocks of perturbed trials were preceded and followed by blocks of trials without the perturbation.
Surgical preparation
According to previously published procedures (Espinoza and Smith 1990; Evarts 1965 ) , the monkey was anesthetized with pentobarbital sodium, and an 18-mm circular recording chamber was stereotaxically implanted over the midline, 15.0 mm anterior of the stereotaxic interaural zero.
Cortical exploration
After a postoperative recovery period, recording sessions were conducted on a daily basis. Glass-insulated microelectrodes were advanced through the dura mater into the cortex with a microdrive attached to an X -Y micropositioner.
Single-unit activity was recorded in the convexity and medial wall of the SMA as well as in the dorsal and ventral bank of the cingulate sulcus. Once isolated, each neuron was tested during the performance of the grasping task. The neuronal activity was recorded only if the cells were task related, (i.e., the neuronal activity raster revealed a systematic variation of cell discharge in relation to the task). Whenever possible, the recorded cells were carefully examined to identify their receptive fields, and responses to intracortical microstimulation ( ICMS ) were tested. ICMS was performed with a IOO-ms train of 0.2-ms cathodal pulses delivered at 300 Hz through a constantcurrent isolation unit. The maximal applied intensity was 80 PA. Cutaneous receptive fields on the glabrous skin were stimulated by stroking the fingers and palm with a soft camel-hair brush or by applying gentle skin indentations with a small probe. Proprioceptive receptive fields were identified by passively moving the hand or digits around different joints when the monkey was as quiescent and relaxed as possible.
Histological analysis and reconstruction of recording sites
To confirm the localization of the recorded cells, electrolytic lesions were made by passing current through the recording microelectrode (20 PA, 20s shown in Fig. 10 ). At the end of the experiment, the animal was killed with an overdose of pentobarbital sodium and perfused with saline followed by 10% Formalin. The brain was frozen, and 30-pm transverse sections through the cingulate were stained with cresyl violet. The electrode tracts were reconstructed and the neurons plotted on the unfolded medial cortex, following the model published by Hutchins et al. (1988) . The recorded cells were first localized with respect to the marking coagulation in the coronal plane and then projected onto a line midway between the surface and the gray-white matter border. This line defined the plane for unfolding the different cortical sections, and opening the medial wall of the hemisphere, the cingulate sulcus and the deeper cingulate gyrus (Fig. 1, A 
and B).

RESULTS
Localization c!f' the hand area
A total of 92 neurons were found to be active in association with the grasping movement in the ventral cingulate cortex. The histological analysis indicated that these neurons were clustered in the ventral fundus of the cingulate sulcus ( Fig.  10 ) and were situated in a rostrocaudal plane between 0.5 and 3 mm caudal to the genu of the arcuate sulcus ( Fig. 1 A) .
As indicated in Fig. 1 A, the location of these cingulate task-related neurons could also be defined in relation to cells with receptive fields related to other body parts in the more dorsal SMA and dorsal cingulate motor area. The cingulate task-related neurons were situated just caudal to the more dorsally located hand representation of the SMA. Descending from the cortical surface, successful electrode penetrations of the ventral cingulate hand area first encountered two separate regions where receptive fields were clearly on the leg. The more superficial leg representation was in medial area 6 of the SMA, whereas the deeper representation corresponded to the dorsal bank of the cingulate sulcus, in area 6c. These landmarks agree with the maps of body movements evoked by ICMS in this region by Luppino et al. (1991) .
An examination of the cytoarchitecture of the region where task-related neurons were recorded revealed the presence of granular cells in the fourth layer. This would indicate that the explored area in the ventral cingulate cortex was situated in area 23c, corresponding to the caudal ventral cingulate motor area (CMAv) region according to Dum and Strick's ( 199 1 a,b) nomenclature. However, it is important to note that within the area where task-related neurons were recorded, the granular layer, which is used as a criterion to dissociate cingulate areas 23c from 24~' in the ventral bank (Vogt et al. 1987; Vogt 1993 ) , was less distinct than more caudally. It is therefore our opinion that the hand region identified in this study was located at the rostra1 limit of area 23c or in a transition zone between 23c and 24~'.
Responses to microstimulation ICMS in the awake monkey was performed at 27 recording sites, and movements could be evoked from 10 of these at thresholds varying from 15 to 70 PA. The most common responses were brief, short-latency movements of the wrist or fingers. At two sites, independent thumb movements were observed, whereas from other sites, movements included the other fingers (6/ 10) or the wrist (2/ IO). Figure  1C shows the location of the sites where finger movements could be evoked.
Description of the receptive fi'elds
The existence of the peripheral receptive fields was tested for 62 neurons. From them, 37 (59.7%) cells revealed receptive fields associated with the hand, whereas 11 ( 17.7%) neurons received input from the wrist or the forearm, and 14 (22.6%) were unresponsive to the receptive fields testing. As indicated in Fig. 1 C the majority of hand-related cells received proprioceptive input: 29 neurons responded to rotating the carpal, metacarpophalangeal or interphalangeal joints around the axes of muscular action, and 8 cells demonstrated cutaneous receptive fields on the glabrous skin of the hand.
Of the 29 hand proprioceptive neurons, 14 cells were activated by thumb movements, whereas 15 were related to displacement of the other fingers. Six neurons showed a congruant relationship between the stretched-muscle receptive field and the cortical output identified by ICMS. Figure 2 illustrates one of these neurons. This cell increased firing with the grip force and responded to stretch of the thenar opponens muscle, which was also activated by ICMS. The onset of activity and the discharge pattern of this cell also closely resembled the activity of the opponens muscle recorded in another monkey performing the same task (Fig. 4A in Espinoza and Smith 1990) .
The few cutaneous receptive fields were relatively large, extending across the volar surface of the digits and the palm. The receptive fields were larger than those seen in either the motor or sensory cortex (N. Picard and 1. Salimi, unpublished data). In one of these cells, the response was greater to a moving stimulus than to static skin indentation. Figure  3 illustrates a cutaneous cell with a receptive field restricted to the thumb and index finger. When the hand was in the grasping position, this cell appeared to respond more vigorously to tangential shear forces than to perpendicular forces on the skin. The major activity peak for this neuron coincided with the dynamic lifting phase of the task. For this cell the reflex response to the perturbation was very clear, and the force pulse tangential to the skin evoked a powerful excitation of the neuron. ICMS was tested for three of these cutaneous cells, but no response could be evoked. However, in another monkey (unpublished data) an association was observed between a region of cutaneous receptive fields and a response to ICMS. Example of a proprioceptive cell revealing a close correlation between the nature of the receptive field and the response to intracortical microstimulation (ICMS ) . The activity of this neuron increased before grip force onset at about beginning of electromyographic activity in the opponens muscle. This neuron was excited by stretching the opponens muscle and ICMS at the recording site evoked an adduction and rotation of the thumb.
Not included in this group of eight cells with receptive pared with a greater number of neurons related to wrist and fields on the glabrous skin were four neurons that revealed finger muscles. In the sample of recorded cells, no evidence cutaneous receptive fields extending onto the hairy skin of of clustering or systematic segregation according to cell the dorsal part of the digits. Two of these cells responded properties, such as cutaneous versus proprioceptive receptive exclusively to displacement of hair on the dorsal side of the fields, was observed. The representations of each of the difhand.
ferent digits appeared to overlap with one another.
Distribution of the cells Firing patterns of the hand-related cingulate neurons
As indicated in Fig. 1 , the input-output properties of the To analyze the discharge pattern of the ventral cingulate recorded cells were clear enough to define this region as neurons in relation to the task, the activity of each neuron hand related. Although some cells associated with the proxiwas displayed trial by trial in raster form and averaged as a ma1 arm were also found in this area, they were few com-histogram aligned on the grip force onset. In general, the the predominance of proprioceptive neurons and the overlapping of the representation of the fingers. Unresponsive cells were cells that did not respond to receptive fields testing. D: coronal cresyl violet section taken at level 1 indicating, by the evidence of electrolytic lesion, the localization of the hand area in the ventral bank of the cingulate sulcus. same types of firing patterns as those encountered in the motor cortex (Picard and Smith 1992; Wannier et al. 1991) were observed in the population of cingulate hand area neurons. In addition to the classic phasic, phasic-tonic, and tonic types, a small sample of neurons (5/92) in the cingulate cortex revealed a ramplike increase in firing rate, and 12 cells decreased their discharge in association with the task. Some neurons ( 12/92) exhibited complex patterns of activity involving both increases and decreases in activity. A large proportion of neurons (32/92) were also activated during the release phase.
The relative proportion of each discharge pattern in the ventral cingulate cortex was similar to the primary motor cortex. The ventral cingulate area had a slightly higher proportion of phasic neurons than the motor cortex (65% for the CMAv compared with 52% for the motor cortex) according to unpublished data from N. Picard and A. M. Smith. The CMAv had a slightly lower proportion of tonic or phasic-tonic neurons (7.6 and 9.8%) than the motor cortex ( 11.2 and 23.8%). Whatever their firing pattern, the majority of ventral cingulate cells ( 80%) increased their activity before the initiation of grasping, and -40% of the phasic neurons achieved the peak firing frequency coincident with the grip onset.
DISCUSSION
The present study confirms the existence of an area in the ventral bank of the cingulate sulcus related to hand movements. This region is likely the same as the one labeled by Dum and Strick ( 1991a,b) and referred to as the CMAv region. The present study further revealed that hand-related neurons in this region have well-defined proprioceptive or cutaneous receptive fields and that some locations respond to intracortical microstimulation.
From the connections between the cingulate areas and the primary motor cortex, Tokuno and Tanji ( 1993) suggested that the distal and proximal forelimb representations overlap in the caudal cingulate area. However, the dense concentration of hand-related neurons found in this study suggest that this territory can be considered as a distinct hand area, which can be dissociated from a region representing the more proximal arm. These data therefore support the notion of a clear somatotopic organization within the ventral cingulate area as suggested by Hutchins et al. ( 1988) and Morecraft and Van Hoesen (1992) .
Although the proportion of cells in the CMAv receiving peripheral inputs was relatively high at 77%, it was still somewhat less than the 8S% found-in the primary motor cortex by Picard and Smith ( 1992) . Afferents to the CMAv from the somatosensory cortex were reported by Morecraft et al. ( 1987) ) who described projections from areas 1, 2, and 5 to area 23c in the rhesus monkey. It was suggested that, because of its efferent connections to area 4, area 23c might be an intermediate link between the somatosensory cortex and the motor cortex. However, the cutaneous receptive fields were much larger in the CMAv than those seen in either the motor or sensory cortex (including areas 2 and 5). In our study the mean response latency of the cingulate neurons to the perturbations, at -45 ms, was very similar to the responses of neurons both in the primary motor cortex and the primary sensory cortex. Therefore, despite the known anatomic connections, the differences in receptive-field size and the similarities in the perturbation response latencies argue against the suggestion that the CMAv functions as a simple relay for information from the sensory cortex to the motor cortex.
A motor function for the CMAv is essentially implicit from its interconnections with other motor structures such as the motor cortex (Dum and Strick 1991 b), the nucleus ventralis, pars caudalis of the thalamus, a target of cerebellar efferents (Asanuma et al. 1983a,b; Holsapple and Strick 1989) , and its projection to the spinal cord (Dum and Strick I99 1 a,b; Galea and Darian-Smith 1994). In the present study the observation that a substantial number of ventral cingulate neurons increase firing before grip force onset implies that the CMAv may have a function in movement initiation. This suggestion is further supported by the discrete muscular activation evoked by microstimulation.
The high proportion of phasic neuronal activity related to both grasping and grip release might indicate that the ventral cingulate cortex is more closely associated with the initiation and release of grasping than with maintained isometric pinching. Some earlier studies on the effects of mesial cortical wall lesions have reported a transient pathological grasp reflex associated with an inability to inhibit grasping in response to cutaneous stimulation of the volar skin of the palm and fingers, and a further incapacity to release grasped objects voluntarily (Penfield and Welch 195 1; Rostomily et al. 199 1; Rushworth and Denny-Brown 1959; Smith et al. 198 1) . Interestingly, an older study by Ritcher and Hines ( 1934) reported that when the cingulate gyrus just ventral to the SMA was also ablated, the grasping reflex was permanent. The lesions associated with forced grasping are usually referred to as SMA lesions, although they are generally poorly described as to the extent of cingulate cortex involvement. However, Fig. 1 of Smith et al. ( 198 1) shows a documented experimental lesion that included the entire hand area of the CMAv in a monkey that demonstrated forced grasping. Further investigation is needed to determine with certainty whether damage to the hand representation of the CMAv is related to forced grasping and what this pathological reflex implies about the role the CMAv plays in voluntary grasping.
